We excluded women and subjects who had received TRT before the first laboratory finding of low TT. The present study comprises a subset of 48,461 subjects with data on baseline serum creatinine levels to enable us to determine their renal function. 38 ,706 subjects received some form of TRT (injection, gel or patch) and subsequently had normalized TT-levels. 9,755 subjects received no treatment and retained low TT-levels. The distribution of subjects into two groups is illustrated in Table 1 .
Outcome variables
Serum creatinine data were collected in three-month bracket intervals. The date of the laboratory test was used to calculate the elapsed time from the date of first treatment. This was taken as the baseline date. In the untreated group the date of low TT-level was used as the baseline date. In the case of multiple lab values per 3-month time interval we calculated the average and assigned it to the last date point in the period. Some 3-month intervals contained no creatinine data. Estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI, GFR-EPI) equation as described by Coresh, et al. [14] . Where race data were missing, the formula for non-black was used. This approach was used for the initial staging of CKD. GFR-EPI in this text refers to eGFR values calculated using this equation.
We determined the time to increase in creatinine to more than 1.5 mg/dl, and subsequent doubling to above 3.0 mg/dl, and doubling above 6.0 mg/dl, respectively. A creatinine value of > 6 mg/dl was taken to represent ESRD. Corresponding hemodialysis data in the VINCI database were incomplete and therefore, were not used. Survival was determined by the difference in days from baseline-date to death-date. Additional data included body weight, height and BMI, blood pressure as well as hematocrit, hemoglobin A1c (HbA1c) and LDL levels. The ICD-9-CM diagnosis codes, laboratory and pharmacy records were used to capture these coexisting conditions.
Statistical Analysis
Data were analyzed using SAS Enterprise Guide 7.1 as with CKD and with end-stage renal disease (ESRD) [6] . Up to two thirds of ESRD patients have low testosterone levels and TRT has been shown to improve sexual function, muscle mass and bone mineral density [7] .
The Endocrine Clinical Practice Guideline published in June 2010 recommended assessment of testosterone levels of patients with end-stage renal disease. Therapy with testosterone replacement is recommended in this population but there is no apparent generally accepted therapeutic practice for use of TRT to treat those with CKD.
Hypogonadism is defined by low serum testosterone concentration along with inappropriately normal or low luteinizing hormone (LH) level (3) with combined effects of inflammatory, metabolic, and hormonal mediators at various levels of the hypothalamic-pituitary-testicular axis [3, 8, 9] . Multiple biological pathways are affected by, and may contribute to hypogonadism by affecting several mechanisms including inhibition of luteinizing hormone signaling, reduced prolactin clearance by kidneys [10] and inhibition of regulatory synthesis of testosterone and other sex hormones. Chronic use of Angiotensin converting enzyme inhibitors (ACEI), angiotensin receptor blockers (ARB), spironolactone, ketoconazole and glucocorticoids [4] also contributes to hypogonadism.
To understand if low levels of total testosterone (TT) are associated with the progression of CKD and whether normalization of TT levels by TRT can slow the progression of CKD, we examined the relationship between renal function, total testosterone levels (TT) and TRT in a large cohort of veterans. Results of this observational study suggest that TRT delays progression of CKD, prolongs the time to ESRD and mortality.
Methods

Data Source
Data were obtained from the Veterans Administration Informatics and Computing Infrastructure (VINCI). The VINCI database comprises clinical data obtained from over 1,400 Veterans Health Administration (VHA) establishments across the United States. Clinical data from these establishments are archived in the Corporate Data Warehouse (CDW) and provided for VA researchers upon request. The Institutional Review Board of Kansas City Veterans Affairs Medical Center, MO, USA approved the study.
Ascertainment of Total Testosterone (TT) level
Testosterone levels were considered low at reported TT values less than the lower limit of normal laboratory reference range of the test. This method was preferred over the use of discrete cut-off values because we found that reference ranges varied with the assays used during the study period at different facilities across the VA [11, 12] .
Study Population
The initial population of 83,000 subjects with low TT-levels has been described previously [13] . We included subjects with TT level lower than the respective normal laboratory reference range (NLRR) in the first laboratory assay for TT. The model was adjusted for conditions affecting progression of kidney disease such as age, BMI, presence of hypertension, proteinuria, race and treatment with ACE or ARB ( Table 2) . We compared treated vs. untreated population characteristics using t-test and chi-square test (χ 2 -distribution). Folded F-test was used to check equality of variance and Satterthwaite p-values were used for unequal variance. Analysis of categorical values was performed using the standard chi-square test and p-value. Kaplan-Meier estimates and hazard ratios were calculated to evaluate the risk of progression and death.
Results
LOH was confirmed by repeated laboratory assays of low total TT levels and propensity-matched comparison of renal function was performed between subjects who received TRT and normalized TT (Group 1) and those who received no treatment and retained low TT levels (Group 2) as shown in Table 1 .
provided by VINCI. We used propensity score-weighted stabilized inverse probability of treatment weights (IPTW) for multivariate analyses. This method ensures that the groups being compared are well-matched. Use of IPTW also enables inclusion of the highest number of subjects in the study after matching. It enhances a robust analysis and achieves a balance between each pair of sub-groups studied.
Stabilized IPTW (SIPTW) involves weighting individuals by the inverse probability of their treatment status. SIPTW is a preferred approach over the regular IPTW or propensity score matching (PSM) because SIPTW enhances inclusion of data on the largest number of subjects for analysis, whereas PSM may result in a decreased sample size. SIPTW also significantly corrects for the instability in estimated treatment weights that potentially results from the use of regular IPTW for individuals with very low probability of treatment [15, 16] .
The COX proportional hazard model was used to correct for potential systemic difference in the evaluation of treatment Note: These factors (left column) were used in the propensity analysis (inversed individual weight) matching. Results were grouped by the presence/absence of each factor and the treatment group.
Abbreviations: BMI: Body mass index; Uprot: Urinary protein; ID: Identification (race/ethnic); ACE: Angiotensin-converting-enzyme; ARB: Angiotensin-receptor blocker. The baseline distribution of study subjects by CKD stages 1-5 is given in Table 4 . Our combined study population comprised a large proportion of subjects with kidney disease. Only 35.3% of study subjects were at Stage 1 compared to 64.3 0% in the general population as previously described [14] . Diminished function was more common in our study with Stage 2 (50.6% vs. 31.2%) compared to that in general US population. Likewise, for Stage 3 the proportion was significantly higher in the present study (13.3% vs. 4.3%) and again with Stage 4 (0.79% vs. 0.2%) [14] .
Number of subjects in the study population at Stage 5 was approximately similar at 0.17% in this analysis versus 0.2% in the general population. Following IPTW, no significant differences were observed among the treated and untreated groups and various CKD stages (p = 0.9846). A post hoc
Results show that TRT is associated with significant delay in the progression of CKD and significant reduction in all-cause mortality. We included variables that affect the progression of kidney disease and renal function, namely, age, BMI, diagnosis of hypertension and/or diabetes, treatment with ACE or ARB, initial CKD stage and presence of significant proteinuria (>= 30 mg/day). Inclusion of race was limited by the fact that racial characteristics are self-reported within the VA system and data are frequently incomplete. As shown in Table 2 , use of IPTW resulted in a balanced comparison between populations where the differences between treated and untreated groups were not significant for every confounding variable.
Laboratories in the VA system generally calculate GFR (GFR-VA) using the Modification of Diet in Renal Disease (MDRD) Study equation. Results of GFR-VA at baseline were similar to our calculated GFR-EPI in untreated subjects (82.7 + 0.3 mg/dl) and treated subjects (81.4 ± 0.1) ( Table 3 ). We crease in creatinine of 30% over baseline was not significantly different (HR 0.959, N.S., data not shown). Also, the doubling of creatinine from baseline was also not significantly different between the two groups (HR 1.003, N.S., data not shown).
In contrast, increase in creatinine from baseline to greater than 1.5 mg/dl was significantly delayed by TRT ( Table 6 , HR 0.905, p < 0.0005). Likewise, doubling of creatinine to greater than 3 mg/dl was also delayed in those who received TRT (Figure 1 and Table 6 , HR 0.857, p < 0.05). Significant delay in progression to ESRD following TRT was indicated by creatinine doubling again to greater than 6 mg/dl as shown in Figure 2 (HR 0.734, p < 0.05).
The effect of TRT on all-cause mortality is shown as Kaplan Meier plot in Figure 3 . The delaying effect of TRT was highly significant (p < 0.0001). Death occurred in 1509 cases in the TRT group and in 816 cases in non-TRT group. TRT delayed analysis by separate CKD stage was therefore not done.
The effect of TRT on blood pressure (BP) and selected laboratory values is shown in Table 5 , which describes the differences between the start and finish for the TRT and the control groups. Over the course of the study, it was found that BP improved in both groups. Likewise, LDL decreased; diabetes control remained unaffected and; hematocrit was lower in the TRT group. A small increase in urinary albumin creatinine ratio (UACR) was also seen in both groups. Table 6 provides a summary of the key findings on the numbers of subjects and days to reach creatinine >= 1.5, 3.0 or 6.0 as well as the numbers and days to all-cause mortality.
The survival function of untreated and treated study populations is presented as Kaplan Meier plots (Figure 1, Figure  2 and Figure 3 ) to illustrate the effect of TRT on CKD progression. A standard measure of disease progression such as in- erans with a laboratory diagnosis of LOH and available renal function data. Our results document that TRT was associated with a significant delay in the progression of kidney disease and reduced all-cause mortality. In addition, using the ESRD surrogate of transition above 6 mg/dl creatinine we found that TRT significantly delayed ESRD by 1,509 days. A similar effect was present at earlier stages of disease progression as exemplified by increases in creatinine above threshold levels of 1.5 mg/dl and subsequent doubling to 3.0 and 6.0 mg/dl death by an average of 693 days and the HR was significantly reduced to 0.753 (p < 0.0005). Taking into consideration the difference in group sizes, these numbers represent a 75% reduction in all-cause mortality.
Discussion
We examined the effect of TRT on renal function over time in this retrospective analysis of the data on 48,461 vet- TRT delayed the increase in creatinine from baseline to >= 6 mg/dl. Data from TRT treated group and untreated groups were used to obtain Kaplan-Meier plots. Results showed that the TRT group showed a significant delay in increased creatinine from baseline to above 6.0 mg/dl over time (HR = 0.734; p < 0.05). and 100% adherence was assumed, it is possible that compliance bias may have affected the results. Finkle, et al. reported increased rates of non-fatal MI within 90 days of a TRT prescription being filled, as compared to the 12 months prior to TRT [23] . These authors reported results for only a very short duration, worked with a retrospective data set without a control group, compared dissimilar groups and found a relatively small increase in the risk of MI. Numerous problems with methods and conclusions in these studies have been identified and detailed by Morgentaler [26, 27] . Basaria, et al. found an association between TRT and increased risk of cardiovascular events [24] . The study only included a small number of men with limitations in mobility and high levels of chronic disease. More recently Budoff, et al. reported an increase in uncalcified arterial plaque volume without coincidental increase in cardiovascular events in the NIH Testosterone Trials [28] .
In contrast, our group has reported significant cardio-protective effects of TRT, at least in veterans with documented LOH. We found that normalization of TT levels in our initial base population after TRT was associated with reduction in all-cause mortality, MI, and stroke. TRT was also associated with significant reduction in atrial fibrillation. TRT showed a significant association with DVT and pulmonary embolism [13, 29, 30] . Our present study represents a subset of that base population with laboratory data on renal function. Various described cardiovascular benefits seen in the base population can be presumed to be present in our subset as well.
Others have reported similar mortality and cardiovascular findings in smaller studies. Shore, et al. reported reduced mortality with TRT [31] . Baillargeon, et al. found that TRT was not associated with a higher risk of MI compared to no-TRT [32] . A study by Zhao, et al. revealed that low plasma testosterone may be a risk factor for coronary artery disease while Muraleedharan, et al. found that low testosterone levels may predict increased all-cause mortality [33, 34] .
Another area of vascular risk with potential effect on renal circulation relates to polycythemia with an increased risk of thrombosis as a recognized effect of TRT. A meta-analysis of 19 studies found a significant increase in hematocrit to > 50 as the most frequent adverse event [35, 36] . Its mechanism has only recently become clearer with the recognition that TRT may block hepcidin [37] . In extension, anemia during hemodialysis (HD) is, in part, independent of testosterone as it affects both men and women. However, the demand for EPO in HD men is lower than in HD women [38, 39] . TRT may show a significant benefit in reducing EPO requirements in LOH patients undergoing HD. Therefore, this relationship merits A further investigation based on patients with more advanced CKD. It is therefore of interest to note that in our population, even with increased prevalence of CKD stage 3 and 4, we did not find significant differences in hematocrit response between groups.
Reduction in visceral obesity is considered an important effect of TRT, because insulin resistance and glucose tolerance are impacted negatively by obesity [40] . Substantial evidence from double blind placebo controlled studies indi- (Table 6 ). A common measure of injury such as 30% increase in creatinine from baseline was not significantly different after TRT. We were unable to determine whether an increase of 30% represented an acute event with subsequent recovery, or simply a stage of progression of CKD. Likewise, doubling of creatinine from baseline did not show a significant relation with TRT. These results were not included for presentation.
All-cause mortality was found to be significantly reduced in the TRT-treated group. This echoes the finding in our initial study population of 83,010 subjects [13] . In that study, confounding factors were essentially cardiovascular and included consideration for the use of beta-blockers statins, and anti-hypertensive agents as well as prior vascular diseases. In the present study, we focused on renal confounding factors instead and obtained similar results.
There are various pathways that connect testosterone to vascular functions and inflammatory processes that may affect progression of kidney disease. Androgens have been shown to increase proximal tubular sodium and water reabsorption which, in turn, activates the renin-angiotensin and endothelin systems [17] . Some animal models have shown pro-inflammatory effects for testosterone during kidney injury. This then would perhaps promote vascular and renal disease with TRT. On the other hand, testosterone concentrations are inversely related to the concentration of C-reactive protein (CRP), interleukin-6 (IL-6), and fibrinogen. Thus, inflammatory markers are higher in hypogonadic men with CKD [18] and TRT may be beneficial.
Previously, a smaller clinical study that included thirty-three patients with hypogonadotropic hypogonadism compared to 37 healthy subjects showed correlation between idiopathic hypogonadotropic hypogonadism, glomerular hyperfiltration and development of proteinuria [19] . Changes in glomerular endothelial structure and function due to various systemic or local factors can lead to albuminuria [6] . Cases of CKD with low levels of free testosterone are associated with a higher risk of CV related endpoints. Given the similarity of symptoms between LOH and advancing CKD, it is important to know the true prevalence of LOH in the CKD population. It is unclear how TRT would benefit late CKD or ESRD patients with proven low testosterone levels. Excellent publications review the available information on treatment options. However, there appears to be no agreement on the use of TRT at early stages of CKD and some investigators advise against it [20, 21] .
Data on the safety of TRT are equivocal and this lack of clarity may explain the physician's general reluctance to consider TRT, particularly for CKD patients. Recent studies reported an increased risk of myocardial ischemia (MI), stroke, and other events as well as increased mortality associated with TRT [22] [23] [24] [25] . Vigen's retrospective analysis showed an association between TRT and all-cause mortality, stroke, and MI among 8,709 VA patients with and without CAD [22] . However, the study only included hypogonadal men who had undergone coronary angiography which represents exclusive focus on a high-risk population. In this study, since compliance to TRT was not assessed
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cates that TRT improves insulin resistance as measured by the Homeostatic Model of Insulin Resistance (HOMA-IR) and decreases HbA1c by 0.8% over a period of 18 months. TRT improved general metabolism measured by HbA1c, total cholesterol, and waist circumference in men with type 2 diabetes. Of interest, results were markedly decreased in men with depression at baseline [41] . There is evidence of decreased LDL-cholesterol and sexual health in hypogonadal men with DM2 [42] . TRT increased insulin sensitivity by 25%, with improved glycemic control, as well as lower LDL cholesterol and reduced visceral adiposity [43] . Overall this associates with increased mortality [33] . In our study, blood pressure and lipid control improved over the course of the study in both TRT-treated and untreated subjects.
Altogether, in our study the use of TRT was found to be associated with a significant and beneficial effect against the progression of CKD and all-cause mortality in aging men with documented LOH. Notably, the effect was present in a population that had a higher proportion of CKD stage 2-4 compared to the general population.
Our study had its limitations, some of them were inherent to it being a retrospective study. Large sample size and application of propensity based statistical methods with consideration of various confounding factors that relate to progression of kidney disease would limit these concerns. Moreover, we did not find the expected polycythemia and cannot make a definitive statement on the effect of TRT on anemia. Likewise, we did not detect a beneficial effect of TRT on diabetes control. Our study does not provide data on the prevalence of LOH with CKD.
We believe that our findings underscore the need to study the prevalence of LOH in our CKD population, especially in patients with signs and symptom of LOH. In the present study, TRT did not promote progression of kidney disease. Indeed, TRT may provide wide ranging benefits that include EPO-sparing effects, increased muscle and bone mass with reduced fracture rates as well as better glycemic control of a large diabetic population with CKD. So far, it has been difficult to show uniform symptomatic benefits and the testosterone trials have failed to show effect on vitality while improving sexual function and depression [44] . Even so, a further look is indicated and an effective symptomatic treatment of the uremic general malaise would be welcome. Altogether, we believe that patients with CKD stage 4 and 5 should be evaluated for LOH and treatment should be considered for documented LOH. More work is needed to determine the utility of early interventions with TRT in patients with an earlier stage of CKD.
